Abstract: A linear 50/50 beamsplitter, together with a coincidence measurement, has been widely used in quantum optical experiments, such as teleportation, dense coding, etc., for interferometrically distinguishing, measuring, or projecting onto one of the four two-photon polarization Bell-states I4'(-)). In this paper, we demonstrate that the coincidence measurement at the output of a beamsplitter cannot be used as an absolute identifier of the input state lo(-)) nor as an indication that the input photons have projected to the l'(-)) state. The phenomenon of non-local correlations, or entanglement, between quantum mechanical particles is central to the growing field of quantum information science. Perhaps the simplest examples of entangled states are the polarizationentangled Bell states:
The phenomenon of non-local correlations, or entanglement, between quantum mechanical particles is central to the growing field of quantum information science. Perhaps the simplest examples of entangled states are the polarizationentangled Bell states: = (IH)11V)2 ± IV)11H)2)/V21 kb(i)) = (IH)iIH)2 ± IV)11V)2)/V2, where IH) and IV) refer to the horizontal and vertical polarization states of a single-photon, respectively. Such states are routinely generated via the process of spontaneous parametric down-conversion (SPDC).
Since the Bell-states form a complete (entangled) basis for the two-particle polarization Hilbert space, it should be possible to build a measurement device capable of distinguishing all four Bell states. Although the Bell-state measurement (BSM) plays a critical role in many of the quantum applications mentioned above, it is not trivial to build such a device, as non-linear photon-photon interactions are required for a complete BSM [1] . Thus far, there has been only one experimental demonstration of a complete BSM (for teleportation) using non-linear optical effects [2] . On the other hand, a simple linear optical beamsplitter has been claimed to distinguish at least one out of four Bell-states [3] and has been used in many recent experiments in quantum information.
The beamsplitter based BSM can be briefly explained as follows. Consider a 50150 beamsplitter in which two photons in a Bell state enter via modes 1 and 2 and exit via modes 3 and 4 (see the beamsplitter BS in Fig. 1 ). It is straightforward to show that, out of the four Bell-states, only the I0b"))1,2 input results in exactly one photon in each output port [3] . Assuming perfect detectors, therefore, the probability of a coincidence count between two detectors located at modes 3 and 4 is unity for the 0P-)1,2 input state. For the other three Bell-states, the probability of coincidence is zero because both photons always end up either in mode 3 or in mode 4. Experimentally, the presence of a coincidence or null-coincidence can be confirmed by varying the overlap of the 'photon wavepackets' at the beamsplitter. If photons do not overlap at the beamsplitter, they scatter randomly and the -||=~~~~~~~~~BS f D4 The two-photon state exiting the quartz plates may be written in simple form as '0) = (IH(tH)) 1V(tV))2 + e-z|IV(tV)) |IH(tH))2)/V/, where, for example, IH(tH))1 IV(tv))2 represents a horizontally polarized photon in path 1 and a vertically polarized photon in path 2 with the most probable times of emission being tH and tv, respectively. The photon wave packets are centered at different times because they propagate through the birefringent materials at different speeds. The relative phase b between the two terms is determined by the transit times for the orthogonally polarized photons in the two sets of quartz plates. Tilting the plates in one arm increases the effective thickness of the plates, permitting precise phase adjustment.
The coincidence data is shown in Fig. 2 , with the two different data sets corresponding to two different phase settings (O and 7r). The phase is adjusted by tilting QP2. This adjustment also increases the total effective path in the lower arm, an effect which is manifested as an offset between the peak and the dip.
In spite of the fact that the data clearly shows the coincidence peak and dip typically associated with BSM, the input states are not Bell states: polarization correlation measurements performed here would not yield the high-visibility sinusoidal curves associated with polarization-entangled states and, consequently, these polarization states could not be used to violate Bell's inequality.
The data shown in Fig. 2 shows, therefore, that polarization entanglement is not required at the beamsplitter input to observe the coincidence peak ( Fig. 3 . For a given emission event (IH(tH)) 1 IV(tv))2, for example), the r-r and t-t cases are distinguishable, since they lead to different sequences of detection events (compare IQ, and XJ2 in Fig. 3 ). As long as the two arms of the interferometer are identical, though, a particular detection sequence may be obtained via two distinct emission events (compare '1 and J4 in Fig. 3 ), i.e., the amplitudes are pairwise indistinguishable. Depending on the phase between the two emission terms, the resulting interference may be either constructive or destructive.
Interference curves similar to those shown in Fig. 2 [4] (omitted here due to the lack of space) indeed shows that the symmetry condition that leads to a coincidence at the beamsplitter output is different than the symmetry condition required for polarization entanglement.
The differences in the symmetry conditions may best be illustrated by considering a two-color two-photon source. Imagine a source that emits one red and one blue photon into two distinct paths and that either polarization may be found in each path, with the polarizations always found to be orthogonal when measured in the H-V basis. Depending on whether photon color is correlated with polarization or with path, such a source may: i) have unit probability of producing a coincidence count (coincidence peak) at the beamsplitter output while exhibiting no polarization entanglement, e.g., (IHR)1 VB)2 -IVB)1 1HR)2)/v'2 (the same result as in the experiment presented here); or ii) be polarization-entangled (I04())1,2 state), but fail to produce a coincidence peak at the beamsplitter output, e.g., (IH)1RIV)2B -IV)1RIH)2B)/x/'. In the latter case, the red photon is always found to be in path 1, while the blue photon is always in path 2. (Such two-color polarization entanglement has been demonstrated in Ref. [5] .) The pair would be entangled in polarization (assuming no additional timing information), but when incident on a beamsplitter the photons would not exhibit the interference features shown in Fig. 2 , since the coincidence detection events would no longer be pairwise indistinguishable as in Fig. 3 .
In conclusion, we have presented experimental evidence that a successful Bell-state measurement cannot be claimed solely based on the coincidence data alone, because the interference features (coincidence peak or dip) which are commonly considered as the signature of a successful BSM may, in fact, be obtained with input states incapable of violating a Bell inequality. We have also shown that the conditions which lead to a positive result (coincidence at the beamsplitter outputs) are indeed different than the conditions required of a polarization-entangled state or a proper
Bell-state projection.
